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FATIGUE OF LIQUID ROCKET ENGINE METALS AT 

CRYOGENIC TEMPERATURES TO -452" F (4" K) 

by Alfred J. Nachtigall, Stanley J. Klima, and John C. Freche 

Lewis Research Center 

SUMMARY 

Axial tensile fatigue behavior of four candidate alloys for liquid rocket engines was 
investigated for smooth and notched (theoretical stress concentration factors Kt > 17) 
sheet specimens at a minimum-to-maximum cyclic'stress ratio R of 0. 14 in ambient air 
(70' F, 294' K), liquid nitrogen (-320' F, 77' K), and liquid helium (-452' F, 4' K). 
The materials tested were 2014-T6 aluminum alloy, Inconel 718, 5 percent aluminum - 
2. 5 percent tin - titanium (5A1-2. 5,911-Ti) alloy, and AISI 301 stainless steel. 

The fatigue strength of smooth specimens was generally higher than that of notched 
specimens. Except for AISI 301 stainless steel, the fatigue strength of unnotched speci- 
mens increased progressively with decreasing test temperature to -452' F (4' K). This 
trend was also observed for 2014-T6 aluminum alloy and Inconel 718 in the notched con- 
dition. In most instances, Inconel 718 and 301 stainless steel had the highest fatigue 
strength while the 5A1-2. 5Sn-titanium and 2014-T6 aluminum alloys ranked third and 
fourth. The titanium alloy generally had the highest fatigue-strength-to-density ratio at 
all temperatures. 

The fatigue notch factor Kf increased with cyclic life for all materials at all test 
temperatures. Up to 100 cycles, the increase was small, and the fatigue notch factor 
was essentially equal to the tensile notch factor (ratio of smooth specimen tensile 
strength to notched specimen tensile strength). Inconel 718 generally had the lowest Kf 
over the life range considered at all temperatures. 

The mode of fracture at all temperatures was generally transgranular for all mate- 
rials. Minor phase particle cracking was associated with fatigue failure in 2014-T6 alu- 
minum at all temperatures. The crack that caused fracture passed through and linked 
such particles. Although minor phase particle cracking was also observed in Inconel 718, 
the crack that caused fracture did not preferentially pass through the cracked particles. 
-For the 5A1-2. 5Sn-titanium alloy, deformation by slip and twinning was observed in both 
fatigue- and tensile-tested specimens. Twinning was particularly marked at -452' F 
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INTRODUCTION 
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Cryogenic fluids play a major role in both aerospace and industrial applications. 
For example, liquid oxygen and liquid hydrogen are used as propellants in advanced 
rocket engines. To supply increased industrial needs, natural gas is converted to liquid 
form and transported from its source to  the consumer, and liquid nitrogen is used as a 
refrigerant in the preservation of produce. 

In all of these applications, because of the low temperatures involved, the mechani- 
cal properties of the container materials can be markedly affected. A better understand- 
ing of the behavior of materials at cryogenic temperatures is therefore needed to  design 
properly for these various cryogenic applications. 

filling process as well as to  vibratory stresses during use, their fatigue resistance is an 
important design criterion. Because of the difficulties associated with fatigue testing in 
cryogenic environments (specialized equipment, longtime tests, etc. ), designers gener- 
ally have had to use tensile test data as a n  indication of material behavior at  cryogenic 
temperatures. A fairly comprehensive summary of cryogenic tensile test data for sev- 
eral classes of materials is given in references 1 to 13. 

speaking, however, the extent of the fatigue data is limited, and much of it deals pri- 
marily with the high cyclic life region rather than the low cyclic life region. The low 
life region is of particular interest for rocket motor propellant tank design because pres- 
sure  fluctuations may be accompanied by relatively high s t resses  and a correspondingly 
low cyclic life. Also, the vibratory stresses at launch, although of relatively short dura- 
tion, may be high. 

An investigation was conducted at the NASA Lewis Research Center to determine the 
cryogenic fatigue behavior of alloys representative of those used in tanks of liquid propel- 
lant rocket engines. Low cycle fatigue data were obtained under axial tension-tension 
loading (R = 0.14) with both smooth and notched sheet specimens of 2014-T6 aluminum 
alloy, Inconel 718, 5 percent aluminum - 2. 5 percent tin - titanium alloy (5A1-2. 5Sn-Ti), 
and AIS1 301 stainless steel. Fatigue tests were conducted in ambient air at room tem- 
perature, in liquid nitrogen, and in liquid helium. Metallographic studies were made to 
relate fatigue behavior to metallurgical changes in the materials investigated. 

Since rocket motor propellant tanks are subject to pressure fluctuations during the 

Some cryogenic fatigue data have also been obtained (refs. 13 to  23). Generally 

MATERIALS, APPARATUS, AND PROCEDURE 

Materials 

The materials investigated were unclad 2014-T6 aluminum alloy, Inconel 718, 
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~ Material ~ 13Bl 
:ohm- Carbon Magne- 
bium sium 
and 

tanta- 
lum 

0.57 
4.92 0.05 ---- 
---- .io7 _ _ _ _  

- - - - - - - - 

---- _ _ _ _  
2014-T6a 
Inconel 718' 
5Al-2. 5Sn-TiC 
AISI 301 Stain- 

less steela 

Molyb- 
denum 

---- 
3.17 _ _ _ _  _ _ _ _  

L 
Aluminum 
Nickel 
Titanium 
Iron 

TABLE I. - CHEMICAL ANALYSES OF MATERIALS TESTED 

copper I chro- 
mium 

TFtTi .05 18.1 

---- I ----- 
---- I 17.7 

- 
Sil- 
icon 

- 
0.92 
.29  

.34 
---- 

- 

Iron 1 Tin 1 Nickel I Man- 

- - - - - / - - - I  6.8 1 .84 

Nitro- 
gen 

- 
0.0012 

. o n  

.049 

------ 

rita- 1 Oxygen I zinc Hydro- 
gen 

- 
0.0004 

.0094 

. 001 

aAnalysis supplied by independent laboratory. 
bNot detectable. 
cAnalysis supplied by vendor. 
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TABLE It. - CONDITION OF MATERIALS PRIOR TO TESTING 

5A1-2. 5Sn-Ti alloy 

Material 

I Mill annealed at 1325' F (922' K) for 4 hr; furnace 
cooled 

2014-T6 alloy 

Inconel 718 

Condition 

A s  received (unclad) 

Solution annealed at 1950' F (1339' K) for 1 hr; air 
cooled; aged at 1350' F (lOOtio K) for 9 hr; furnace 
cooled to 1200' F (922' K); held at 1200' F (922' K) 
for 9 hr; air cooled 

I I AISI 301 Stainless steel I Cold rolled 60 percent 

5A1-2. 5Sn-Ti alloy, and AISI 301 stainless steel. Chemical analyses of these alloys are 
given in table I. The conditions in which the materials were investigated are listed in 
table II. 

Specimens 

The specimens used for both tensile and fatigue tests were identical. The specimens 
were fabricated so that the direction of loading was parallel to the rolling direction for 
all materials except the aluminum alloy, for which the rolling direction was transverse 
to  the axis of the specimen. Specimen geometry is shown in figure 1. The streamline 
fillet contour shown for the smooth specimen was chosen to minimize the occurrence of 
failures in the transition region between the specimen head and the test section. The 
streamline fillet contour was one of several suggested in reference 24. Smooth speci- 
mens were ground to this contour with a contour-shaped grinding wheel. The contoured 
edges of the test section were then polished with a hand polishing tool to remove all 
transverse grinding marks. Notches were first roughly ground. Then a sharpened 
-broaching tool, ground to  the desired angle of the V-notch, was drawn across  the root of 
the notch to produce the required root radius. The latter operation was repeated until 
the specified test section dimension was achieved. The as-received sheet thickness of 
Inconel 718 was 0.093 inch (2.36 mm). Specimen thickness was reduced to  0.080 inch 
(2.03 mm) by hydrolapping the flat faces, which was done to ensure that a sufficiently 
wide range of stress levels could be obtained without exceeding the 10 000-pound (4536-kg) 
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8.00 in. (20.3 cm) 

5.50 in. (14.0 cm) 

2.75 in. (7.0 cm) ,-Diameter 

for uniform stress 

I I (a) Smooth specimen. 

Ti 
I 
__ 

(b) Notched specimen. 

Figure 1. - Sheet tensile and fatigue specimens. Specimen thicknesses: 2014-T6 aluminum alloy, 
0.060 inch (1.52 mm); lnconel 718, 0.080 inch (2.03 mm); 5 percent aluminum - 2.5 percent 
tin - t i tanium alloy, 0.020 inch (0.51 mm); 301 stainless steel, 0.022 inch (0.56 mm). 

load capacity of the fatigue machine. The other sheet materials were tested in the as- 
received condition without surface preparation. Nominal specimen thicknesses were 
0.060, 0.020, and 0.022 inch (1. 52, 0. 51, and 0. 56 mm) for the aluminum alloy, tita- 
nium alloy, and stainless steel, respectively. These thicknesses were chosen for exper- 
imental convenience and availability. Generally they are representative of the sheet 
thicknesses employed in fluid containers of various rocket engines. 

Apparatus 

Tensile test apparatus. - The tensile tests were conducted in conventional universal 
testing machines. The cryostat used to contain the cryogenic fluid that surrounded the 
test specimen was essentially a double-walled, insulated cylindrical vessel, open at the 
top. The cryostat is described in reference 5. 

ence 25, was modified for use with a cryostat 
The major modifications to the machine consisted of (1) raising the upper crosshead.on 

Fatigue test apparatus. - A Krouse fatigue-testing machine, described in refer- 
of operation with liquid helium. 
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taller columns to  accommodate the cryostat height and (2) connecting the two loading 
a rms  of the machine with a crossbeam to combine the two 5000-pound (2268-kg) loading 
capacities of each side of the machine into a single 10 000-pound (4536-kg) loading capac- 
ity. In addition to  the direct belt-driven speed of 1980 cycles per minute (33 Hz), sep- 
arate motor-driven reduction gears were provided to permit operation at 200 and 16 cy- 
cles per minute (3.3 and 0.27 Hz, respectively). 

The cryostat was specifically designed for this investigation and is shown in figure 2. 
It consisted of a vacuum-tight enclosure that surrounded a cylindrical specimen chamber. 
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Shield 
coolant 

S pecimen-loadi I 
bar cooling 

C S-28412 
CD-9179 

Figure 2. - Fatigue testing cryostat. 



The chamber contained the cryogenic fluid in which the test specimen was immersed. A 
closely spaced coil containing liquid nitrogen served as a radiation shield during tests 
with liquid helium. The bellows permitted specimen and pull-rod motion to  take place 
without loading the cryostat. 

Instrumentation. - Copper-constantan thermocouples were clamped to the test speci- 
mens for the tests conducted in liquid helium. The reference junction was  immersed in 
liquid nitrogen at atmospheric pressure. The thermocouple electromotive force was am- 
plified and recorded on a s t r ip  chart recorder. 

Procedure 

Tensile tests. - Tensile tests were run at approximately 70' F (294' K) in ambient 
air, at -320' F (77' K) in liquid nitrogen, and at -423' F (20' K) in liquid hydrogen. The 
lowest tensile test temperature was limited to  -423O F (20° K) because the cryostat 
lacked adequate insulation to retain liquid helium. At least three unnotched and three 
notched specimens of each material were tested at each temperature. 

Fatigue tests. - Axial-tension fatigue tests were conducted with each material at an 
R factor of 0.14 at approximately 70' F (294' K), -320' F (77' K), and -452' F (4' K) 
(liquid helium). The maximum cyclic stress levels applied varied from near the tensile 
strength of the material to its endurance limit. The -320' F (77' K) and -452' F (4' K) 
tests were conducted by surrounding the specimens with liquid nitrogen and liquid helium, 
respectively. For long-life tests of the order of 10 cycles and higher, the cycling rate 
was 1980 cycles per minute (33 Hz). Shorter life tests were run either at 200 or 16 cy- 
cles per minute (3.3 or 0.27 Hz, respectively). For the range of cyclic frequencies 
used in this investigation, it was  assumed that the effect of frequency on fatigue life was 
insignificant. A minimum of one and a maximum of six specimens were tested at each 
stress level considered. Stresses were always calculated on the basis of the minimum 
cross-sectional area of each specimen prior to  testing. 

Metallography. - Metallographic studies were made of specimens tested at each tem- 
perature for all materials. Macrographs and micrographs are presented. Microetching, 
X-ray diffraction, and electron-beam X-ray microanalysis techniques were employed to 
identify microstructural phases. 

4 

RESULTS AND DISCUSSION 

Tensile and fatigue data for the four materials, 2014-T6 aluminum alloy, Inconel 718, 
5A1-2. 5Sn-Ti alloy, and 301 stainless steel are summarized in tables 111 and IV and are 
discussed in the first part of this section of the report. Metallurgical aspects related to 
these data are discussed in the latter part of this section. 
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Specimen configuration r 
TABLE IU. - TENSILE PROPERTIES OF MATERIALS TESTED 

Material .Temperatun 

hconel718 

Notched 

Net tensile strength 

Average 

70 294 

Average 

-320 77 

Average 

-423 20 

Average 

Unnotched 

Yield strength, 
0 . 2  percent offset 

~~ 

Modulus of 
elasticity, E 

N/sq cm 

45.5X10 
45.6 
44.6 

45. &lo: 

5 3 . 2 4 0 :  
53.6 
53.4 

~~ 

53.4XlO' 

--------- 
58.mlO' 

--------- 

N/sq cm 

7. &lo6 
7.3 
7.4  

7. %lo6 

8 .  m106 
7.7 
8 .2  

7. %lo6 
.------- 
8. 3X106 
------- 
a. 3X106 

10.%106 
11. &lo6 

1. &lo6 

------- 

2. 6X106 
2.0 
2 .5  
- - - - - - - 
2. 3X106 

2. 6x1O6 
------- 
------- 

N/sq cm 

37. 6x103 
39.6 
39.6 

38. %lo3 

3 9 . 7 ~ 1 0 ~  
39.2 
37.2 

38.7~103 

43. =lo3 
41.3 
40.7 

4 1 . 8 ~ 1 0 3  

2 4 . 5 ~ 1 0 ~  
23.8 
30.0 

26. &lo3 

44. m103 
47.9 
48.4 
48.8 

4 7 . 3 ~ 1 0 ~  

57. m103 
55 
52.2 

S. ~ 1 0 3  

lb/sq in. 

54. % l o 3  
57. a 
57.4 

56. &lo3 

57. 6x103 
56.9 
53.9 

5 6 . 1 ~ 1 0 ~  

5 2 . 8 ~ 1 0 ~  
59.9 
59.0 

$0. 6x1O3 

3 0 . 5 ~ 1 0 ~  

5 2 . 8 ~ 1 0 ~  

)8.8x103 

19.5 
38.5 

14. 5 
L5.2 
L5.8 

~ 3 . 6 ~ 1 0 ~  

12. 3 ~ 1 0 ~  1 

19. %lo3  I 
15.0 
!O. 7 

7 0 . 8 ~ 1 0 ~  
71.4 
71.0 

48.8Xld 
49.2 
49.0 

Average 

Average 

86 x103 
86.1 
86.7 

5 9 . 3 ~ 1 0 ~  
59.4 
59.8 

86. %lo3 I 59. %lo3 

101. W103 69. 7X103 1::::- 100.8 102.7 

101.5~10~ I 70.(b(1O3 It, 8x103 
127.0 
130.6 

179. 5 ~ 1 0 ~  
184.2 
189.4 

1 8 4 . 4 ~ 1 0 ~  127. &lo3 
243 x103 
244.4 
237.0 
--------- 

167. % l o 3  
168.5 
163.4 
- - - - - - - - - 
166. % l o 3  

~ 

241. %lo3 125. %lo3 
2 5 0 . 5 ~ 1 0 ~  
265.4 
257.8 

1 7 2 . 7 ~ 1 0 ~  
183.0 
177.8 

257. *lo3 177; ~ 1 0 3  2. 7X106 22. 6x1O6 I I 
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TABLE III. - Concluded. TENSILE PROPERTlES OF MATERIALS TESTED 

70 

Material 

294 

-423 20 

Specimen configuration 

Notched Unnotched 

Ultimate tensile Yield strength; 
strength, uu 0.2 percent offset 

lb/sq in. 1 N/sq cm lb/sq in. I N/sq cm 

111.5 
107.5 
115.8 102.6 
113.0 74.3 

111. B 1 0 3  I 76.7x103 I i o 4 . 6 x 1 o y p  

180.4 

184.1 

1 8 1 . 8 ~ 1 0 ~  1 2 5 . 4 ~ 1 0 ~  176. %lo3 121. % l o 3  

231. !%lo3 159. !%lo3 211. 6X103 145. %lo3 
------___ _---_____ 220.5 

230 
228.4 157.5 207.4 143.0 
236.7 163.2 210.0 144.8 
228.8 157.8 210.7 145.3 

229. &lo3 158. %lo3 209. !%lo3 144. &lo3 

152.0 
158.6 _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _  

238.0 
233.0 

331.6 

Net tensile strength Modulus of 
elasticity, E 

5A1-2.5h-Ti 
alloy 

87. 

181. m103 124. &lo3 

139. %lo3 9 6 . 1 ~ 1 0 ~  

211. 6X103 
227.0 
220.0 

145. %lo3 
156.5 
153.1 

AISI 301 Stainless 
steel 

219. %lo3 1 5 1 . 3 ~ 1 0 ~  

1 4 3 . 3 ~ 1 0 ~  
143.3 
157.0 
149.1 
164.2 
150.0 

2 0 7 . 8 ~ 1 0 ~  
207.8 
225.7 
216.2 
238.2 
217.6 

28. W1061 19. %lo6 
~~~ 

1 8 4 . 2 ~ 1 0 ~  1 2 7 . 0 ~ 1 0 ~  

9 



CL 
0 

cyclic 
stress, umax 

N/cm2 

TABLE IV. - SUMMARY OF FATIGUE RESULTS 

(a) 2014-T6 aluminum alloy 
~- 

Cycles to failure Maximum cyclic Cycles to failure 
x 103 stress, omax x lo3 

Individual I Average Ib/in. 1 N/cm2 Individual 1 Average 

IO (294) -320 (11) 
~ ~~ 

-452 (4) I 

18. &lo3 

IO. 0 ~ 1 0 ~  

6 1 . 3 ~ 1 0 ~  

52. 

4 3 . 8 ~ 1 0 ~  30. a 1 0 3  I i  

54. %IO3 

48. 3 ~ 1 0 3  

42. %lo3 

36. a 1 0 3  

3 9 . 4 ~ 1 0 ~  21. %lo3 I I  

0.55 

5.5 
10.0 
10. 5 

18.2 
22.8 
21.4 

15.6 
39.1 
40.1 
36.3 
58.3 

121.4 
138.9 
159.5 

128.0 
340.3 

500.0 
>3 200.0 
>I7 660.0 

81.5~10~ 

1 8 . 8 ~ 1 0 ~  

6 1 . 3 ~ 1 0 ~  

Unnotched specimens 

I. 45 
10.0 

I. 15 
14.3 
15. 8 

35. I 
43.4 

222.2 

~1000.0 

8.1 1 1 0 . 0 ~ 1 0 ~  1 5 . 8 ~ 1 0 ~  5.9 5.9 I 

1 0 5 . 0 ~ 1 0 ~  1 2 . 4 ~ 1 0 ~  8.8 9. I 
12.4 10.6 

, 9 6 . 3 ~ 1 0 ~  66.4X103 16.2 16.3 - 16.4 
39.6 I---- 

81.5~10~ 6 0 . 3 ~ 1 0 ~  45.5 84.9 - 124.3 - 

I I I 

1 

I 



Notched specimens 

6.3 26.3Xld 

36. %lo3 0.044 0.044 52.5Xd 52. 5x10~  36. %lo3 0.002 
.ox 
.04( 

43. &IO3 30. %lo3 0.23 
.24 
.28 
.33 

36. % l o  

30. %lo: 

24. Blo! 

0. bs2 
.101 

0.42 
.80 

1.26 
4.05 

I. 16 
10.1 

52. %lo' 

43.8x10' 

35. m 1 0  

0.31 - 
43.8x10: 

3 0 . 2 ~ 1 0 ~  0.19 

2 4 . 1 ~ 1 0 ~  2.22 

. 3 5  

. 5 6  

2.43 

0.61 

-- 
2.33 i 35.(btl$ 2.66 

1 8 . 1 ~ 1 0 ~  5.9 
6.6 

8.63 26.3X10 

11.5X10 

3 5 . 0 ~ 1 0 ~  24. &lo3 0.69 
1.12 
1.34 
1.40 
1.59 
1.60 

1.29 t8.1XlO: 

43.2 
48.8 

46.0 

2 6 . 3 ~ 1 0 ~  4.15 

- 
29. 5 

18. &lo3 3.40 
4.00 
4.00 

1 2 . 1 ~ 1 0 ~  

30.5 
30. I 

11.5~10~ 

6. B103 148.0 
153.2 

150.6 

6 .  %lo3 

4. e 1 0 3  

aIndiVidual points plotted in figures. 



Maximum cyclic 
stress, umax 

lb/in. N/cm2 

Cycles to failure Maximum cyclic Cycles to failure Maximum cyclic Cycles to failure 
x 103 stress ,  umax x lo3 stress, umax x 103 

Individual IAverage lb/in. I N/cm2 Individual IAverage lb/in. I N/cm2 Individual 1 Average 

1 1 144.8X1031 18.1 I 

TABLE IV. - Continued. SUMMARY OF FATIGUE RESULTS 

(b) Inconel I18 

I -320 (17) -452 (4) IO (294) II 
Unnotched specimens 

162. 0 ~ 1 0 ~  196 x103 1 3 5 . 1 ~ 1 0 ~  
10.16 
15.30 

140 x103 9 8 . 5 ~ 1 0 ~  43.1 
51.0 

235 x103 0.10 
12. I 

4.1 4.1 

160. %lo3 1.6 I 7.6 2 3 2 . 5 ~ 1 0 ~  

224 x103 

210 x103 

I 59.3 I 66.1 
12.8 

154. &lo3 

1 4 4 . 8 ~ 1 0 ~  

41. 1 

115 x103 1 2 0 . 1 ~ 1 0 ~  208.1 214.4 

161 x 1 ~ 3  1 1 1 . 0 ~ 1 0 ~  408.0 408.0 

~ 1 1 216.1 1 168.0 

372.0 

j95.0 

28.9 
24.0 

63.0 90. 9 
118.8 

196 x103 1 3 5 . 1 ~ 1 0 ~  

~ ~ _ _ _  

115 x103 1 2 0 . 1 ~ 1 0 ~  51.6 119.9 
112.0 
190.0 I 

168 x ~ ~ 3  115. &lo3 
184.4 

Notched specimens 

0.26 1 1.02 

140 X103 I 96.WIO31 1.30 1.30 I 
___ 

2.43 
3.23 

~ 

2.83 

4.20 I 105 X103 1 12.4X103 1 3::16 ,[kt 
63 x103 4 3 . 4 ~ 1 0 ~  

63 x103 43.4X103 
42 x103 2 9 . 0 ~ 1 0 ~  224.0 224.0 

42 xlO3 29.0K103 

105 x 1 ~ 3  1 2 . 4 ~ 1 0 ~  

I 28 x103 1 9 . 3 ~ 1 0 ~  

12.45 12.45 

55.9 55.9 
16 5.70 

643.0 643.0 

(a) ,1000.0 



(c) 5A1-2. 5%-titanium alloy 

I Unnotched specimens 
,-- -_I I 

122. 5 ~ 1 0 3  8 4 . 5 ~ 1 0 ~  0.3 (a) 1180 x103 124.1x103 9 .1  9.1 220 x103 1 5 1 . 7 ~ 1 0 ~  1.7 1.7 

1157. %lo3 1 0 8 . 6 ~ 1 0 ~  30.8 30.8 210 x103 1 4 4 . 8 ~ 1 0 ~  15.8 22.3 
4.9 I 
7.9 - ---- 28.7 

140 x103 96. 5 ~ 1 0 ~  47.8 47.8 

29.7 122. %lo3 84. 5 ~ 1 0 ~  100. o 100. o 

113. W103 78. %lo3 103.2 122. 1 29.2 

113.8X1O3 7 8 . 5 ~ 1 0 ~  16.4 30.4 
192. W1O3 132. W103 14.8 22.2 

22.5 36.5 
38.9 

- - 
140.9 175 x 1 ~ 3  1 2 0 . 7 ~ 1 0 ~  43.2 53.3 105 x103 7 2 . 4 ~ 1 0 ~  40.4 64.6 ’ 

I 

87. %lo3 

78. &IO3 

70. m103 

40.7 105 XlO‘ 72.4X10‘ 

260.5 ~ 

6 0 . 3 ~ 1 0 ~  209.5 (a) 
>11 231.7 

54. %IO3 >10 516. 5 (a) 

48. 3X103 >10 422.3 (a) 

87. 7 
69.4 

(-1 

, I1 -- 157. %lo3 108.6X103 0.230 0.230 

-. 
1. 5 1.6 126. %lo3 87. W103 p”:”i 1.7 

87. &lo3 60.3~10~ 

, 70 x103 48.w103, 3 . 3  1 3 . 6  105 x103 7 2 . 4 ~ 1 0 ~  

105 x103 7 2 . 4 ~ 1 0 ~  0.310 0.566. 
.400 
.632 
.920 

>io  000.0 (a) 40.6 
76.1 

1 1,140 x103 9 6 . 5 ~ 1 0 ~  

I I+- 

169.4 
189.6 

277.6 
283.4 

179.5 

280.5 

I -. - Notched specimens -- 
122. 84. %lo3 0.25 0.24 179. %lo3 124. W103 0.012 (a) 140 x103 9 6 . 5 ~ 1 0 ~  0.014 0.014 

.22 .042 ---- 1 2 2 . ~ 1 0 ~  8 4 . ~ 1 0 ~  0.176 0.203 
105 x103 7 2 . 4 ~ 1 0 ~  0.62 0.67 175 x103 1 2 0 . 7 ~ 1 0 ~  0.130 0.130 .230 -- -- 

11.2 1 1 1 . 2  1 1  l l  
52. L10’ 1 35 x103 1 2 4 . 1 ~ 1 0 ~  I 20.4 I 22.7 1 1  

25.0 I I I II I I I 
I 1  

3ndividual points plotted in figures. 



Maximum cyclic Cycles to failure Maximum cyclic Cycles to failure Maximum cyclic 
stress, omax x lo3 s t ress ,  omax x lo3 s t ress ,  omax 

Ib/in. I N/cm2 Individual 'IAverage lb/in. 1 N/cm2 Individud IAverage lb/in. 1 N/cm2 ' 

Cycles to  failure 
x lo3 

Individuai \Average 

IO (294) -320 ('77) -452 (4) 

175 x103 

140 x103 

122. %lo3 

105 x103 

1 2 0 . 7 ~ 1 0 ~  

9 6 . 5 ~ 1 0 ~  

8 4 . 5 ~ 1 0 ~  

- 
1 2 . 4 ~ 1 0 ~  

280 ~ 1 0 3  

245 X103 

210 x1O3 

115 x103 

157. W103 

140 x103 

1 9 3 . 1 ~ 1 0 ~  4.20 
4.83 

168.9X103 1.00 
I. 34 

10. 51 

144.8X1O3 7.80 
8.31 

10.49 
14.80 
20.38 

1 2 0 . 7 ~ 1 0 ~  15.10 
18.20 
31.50 

1O8.6X1O3 45.9 
86. I 

M . ~ x ~ o ~  >IOOO.O 

103.4 
>16 163.1 

(a) 

TABLE IV. - Concluded. SUMMARY OF FATIGUE RESULTS 

(d) AIS1 301 Stainless steel 

I Test temperature, O F  eK) 

Unnotched specimens k 245 x103 168.W103 2.0 V I 3  x1O3 1!236.3X103 1 ;:A45 

336 x103 2 3 1 . 7 ~ 1 0 ~  1.33 

330 x103 2 0 6 . 1 ~ 1 0 ~  1.10 
1.33 

3 1 . 1 ~ 1 0 ~  

23. 

36 x103 

2 3 . 8 ~ 1 0 ~  

(a) 

- 
1.33 

1.22 

1.36 

- 
4.52 

8.30 

1 239. 8X103 1165. %IO3 2.6 

236. %lo3 1162. W103 3. 5 15 x103 

;EO x103 

5.9 1 5 . 9  I 
231 x103 1 5 9 . 3 ~ 1 0 ~  +- 210 x103 144.8X1O3 +I 11.2 

6.2 
11.0 

315 ~ 1 0 3  2 1 1 . 2 ~ 1 0 ~  1.32 I 1 1.40 68. &lo3 16.8 

49. 5 

120.3 

16.8 

49. 5 

20. 3 

110 x103 
~~ 

2 0 . 7 ~ 1 0 ~  .15 x103 

.40 x103 96. w103 240.5 140.5 

(a) 

124.9 
185.9 

449.5 
>5 649.4 
>8 468.5 

.loo0 

12.36 

23.8 

66.3 

(4 - 



3 6 . 2 ~ 1 0 ~  27.9 
29. 5 
29.6 
30.2 
30. 5 
31.5 

I 210 x103 ~ 144. W103 ~ 0.018, 0.0181 ~ 210 x103 
A 

32 .1~10~  0.02; 0.035 0.038 192. %lo3 
.040 

157. %lo3 

o. 022 

08. 6X103 0.09( 
.09E 

0.094 0.084 
1 9 2 . 5 ~ 1 0 ~  

0.334 
.055, 
.083 1 122. %lo3 0.37t 

.40[ 
0.391 157. %lo3 1 0 8 . 6 ~ 1 0 ~  I I I 0*32; .34€ 

6 0 . 3 ~ 1 0 ~  1.30 
1.74 

1. 52 

5.8 
6.7 
6.9 
7.3 
7.4 
8.0 

60. &lo3 

I 33.0 

52. %lo3 

35 ~ 1 0 3  2 4 . 1 ~ 1 0 ~  58.7 I I 1 73.2 
~~ 1 11. %1031 12 .1~10~1  >8 220.1 

%dividual points plotted in figures. 



Tensile Data 

Figure 3 presents a bar chart comparison of smooth and notched tensile data at 
70' F (294' K) in ambient air, at -320' F (77' K) in liquid nitrogen, and at -423' F 
(20' K) in liquid hydrogen for all four materials investigated. Generally, the stainless 
steel was the strongest material and the aluminum alloy the weakest at all test temper- 
atures. Three of the materials, 2014-T6, Inconel 718, and 301 stainless steel were 
notch sensitive at all test temperatures; that is, the tensile strength of notched speci- 
mens was lower than the tensile strength of smooth specimens. The degree of notch sen- 
sitivity for all materials usually increased as the temperature decreased. The 5A1- 
2. 5Sn-Ti alloy was notch sensitive only at -423' F (20' K). At 70' F (294' K) the notch 
tensile strength of this alloy was higher than the unnotched tensile strength, and at 
-320' F (77' K) the tensile strengths of smooth and notched specimens were equal. Ap- 
parently a transition from ductile to brittle behavior occurs for this alloy between 
-320' F (77' K) and -423' F (20' K). These results are similar to those shown in refer- 
ence 11 for another heat of this alloy, also with low interstitial content. 

creased as temperature decreased. The only exception was stainless steel at -423' F 
(20' K). A similar trend of continuously increasing strength with decreasing temperature 
for notched specimens occurred only for Inconel 718. It is interesting to note that, al- 
though the stainless steel had the highest strengths at all temperatures in the unnotched 

Figure 3 also shows that the tensile strength of smooth specimens progressively in- 

Temperature, OF: 70 -320 -423 70 -320 -423 70 -320 -423 70 -320 -423 
Temperature, "K: 294 77 20 294 77 20 294 77 20 294 77 20 
Alloy 2014-T6 Inconel 718 5 AI  - 2.5 Sn - T i  AIS1 301 stainless steel 

Figure 3. - Tensile strength of smooth and notched specimens of four  materials as function of test 
temperature. 
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condition, Inconel 718 had notch tensile strengths that closely approached or  exceeded 
those for notched stainless steel at cryogenic temperatures. 

Stress - Cyclic-Life Relations 

Fatigue curves for all the materials at all test conditions, 70' F (294' K) in ambient 
air, -320' F (77' K) in liquid nitrogen, and -452' F (4' K) in liquid helium, are presented 
in figure 4. The data points (table IV) shown at any stress level on the inclined portion of 
the fatigue curves represent an average of one or  more individual points. In both the 
upper and lower horizontal portions of the fatigue curves, only individual data points are 
plotted. 

It is interesting to consider the shape of the fatigue curves in the low-life region. In 
all cases there is a region of constant maximum stress that varies in length (number of 
cycles). The length of this portion of the fatigue curve for any material probably results 
from differences in tensile strength between individual specimens, and in some cases it 
may have been affected by work hardening due to plastic deformation during the initial 
loading of these specimens. These effects could also account for the instances where the 
maximum cyclic stress values represented by the upper horizontal portion of the fatigue 
curves exceed the average tensile strength values shown in figure 3 and table III. 

lower than that of smooth specimens at all temperatures. The single exception was the 
titanium alloy which showed approximately equal fatigue strength for both smooth and 
notched specimens at 70' F (294' K) below 300 cycles. These results indicate that the 
materials were notch sensitive in fatigue as well as in tension. 

For all materials, decreasing the temperature from 70' F (294' K) to -320' F 
(77' K) resulted in increased fatigue strength in both the unnotched and notched condition. 
Decreasing the temperature from -320' F (77' K) to -452' F (4' K) had different effects 
on fatigue strength depending on material, specimen geometry, and cyclic life. For ex- 
ample, for stainless steel, the fatigue strength of smooth specimens at -452' F (4' K) 
was, for the most part, intermediate to  that obtained at 70' F (294' K) and -320' F 
(77' K) along the inclined portion of the fatigue curves; whereas, for notched specimens 
it was lowest at -452' F (4' K). The notched titanium alloy specimens also had the 
lowest fatigue strength at -452' F (4' K), although a crossover occurred between the 
70' F (294' K) and -452' F (4' K) curves at 200 cycles. 

As might be expected, Inconel 718 and 301 stainless steel generally exhibited the 
highest fatigue strengths and the two light metal alloys the lowest. Depending on test 
conditions, either Inconel 718 or 301 stainless steel had the highest fatigue lives 
(figs. 4(b) and (a)) when smooth specimens were considered. In the notched condition, 

Figure 4 shows that the fatigue strength of notched specimens in all but one case was 
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Test Lemperfture, 
F K  

Ambient A i r  70 294 
W- Liquid nitrogen -320 77 +-- Liquid hel ium -452 4 
Open symbols denote smooth specimens 
Solid symbols denote notched specimens 
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I I 1 1 1 1 1 l 1  I I 1 1 1 1 1 1 1  I I I111111 I I 1 1 1 1 1 1 1  I I I l l  
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(a) 2014-T6 a luminum alloy. 
3H1x103 

tc 

101 102 103 104 105 106 
Fatigue life, 

(b) lnconel 718. 

- 

I I 1 1 1 1 1 1 1  I I 1 , 1 1 1 1 1  I I 1 1 1 1 1 1 1  

101 102 103 104 105 106 
cycles 

(c) 5 A I  - 2.5 Sn - t i tanium alloy. (d) AIS1 301 Stainless steel. 

Figure 4. - Comparison of fatigue curves for smooth and notched specimens at three test temperatures. Min imum to maximum stress ratio, 0.14. 



Inconel 718 generally had the highest fatigue strength of all the materials. The aluminum 
alloy had the lowest fatigue strengths under all conditions. 

Fatigue-St rength-To-Density Relations 

From the viewpoint of aerospace applications, the relative fatigue-strength-to- 
density ratios of the alloys is more important than simple fatigue strength. A compari- 
son of the fatigue-strength-to-density ratios of the materials investigated at all temper- 
atures and cyclic lives is made in figure 5. On this basis the titanium and aluminum 
alloys compare more favorably with the heavier nickel base and iron base alloys than on 
the basis of fatigue strength alone. The titanium alloy, when tested in the unnotched con- 
dition, was consistently stronger than the other three materials over a major part of the 
cyclic life range. In the notched condition, however, the fatigue- strength-to-density 
ratio of this alloy tended to decrease with decreasing applied stress so that for longer 
test times (10 cycles and up at 70' F (294' K) and -320' F (77' K)) this alloy was not as 
strong as some of the other materials. Inconel 718, on the other hand, was one of the 
poorer materials in the unnotched condition, but in the notched condition, especially for 
longer test lives, it was generally the best material at all temperatures. 

4 

Notch Effects 

It has already been pointed out that all the materials considered were generally notch 
sensitive in fatigue. The degree of notch sensitivity over the entire cyclic life range and 
at all test temperatures is illustrated in figure 6. 
(ratio of smooth specimen fatigue strength to notched specimen fatigue strength for any 
single life value), is plotted against cyclic life for each material. The tensile notch fac- 
tor (ratio of smooth specimen tensile strength to notched specimen tensile strength) is 
plotted at 1/2 cycle. The form of the fatigue notch factor Kf curves of figure 6 resulted 
from the relative positions with respect to each other of the unnotched and notched mate- 
rial fatigue curves of figure 4. In considering these curves, it should be recognized that 
the specimen geometry has a direct bearing on the numerical values for fatigue notch 
factor. The values would undoubtedly have been different for other specimen geometries. 
It is believed, however, that the basic trends shown would be the same regardless of ge- 
om etr y . 

Figure 6 shows that, up to  approximately 50 to 100 cycles, the fatigue notch factor 
was nearly the same as the tensile notch factor for the respective materials at all tem- 
peratures. As cyclic life increased, however, the fatigue notch factor also increased. 
In those instances where data were obtained up to and beyond 10 cycles, the trend of 

In figure 6, the fatigue notch factor 
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5 AI - 2.5 Sn -t i tanium alloy 
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--- 2014-T6 aluminum 
---- lnconel 718 
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Test temperature, 

-- -320 OF 70 294 O K  77 

/ +- -452 4 // -_- 4 F 
0 A A I J  

(a) 2014-T6 aluminum alloy. 
1 

F 
I$ 1 11111111 I 1 1 1 1 1 1 1 1  I I 1 1 1 1 1 1 1  I l 1 1 l l 1 1 1  I I IIIld 

( b )  Inconel 718. 

I I 1 1 1 1 1 1 1 l  I I 1 1 1 1 1 1 1  I I 1 1 1 1 1 1 1  I1111l1l1 I l l l l ld - .  
. 5  15 10' 103 104 105 lo6 . 5  15 10' 103 104 105 106 

Fatigue life, cycles 

(c) 5 A I  - 2.5 Sn  - t i tanium alloy. (d) AIS1 301 Stainless steel. 

Figure 6. - Variation of fatigue notch factor with testing temperature and fatigue life. Minimum to maximum stress ratio, 0.14. 

increasing fatigue notch factor with increasing fatigue life was either halted o r  reversed 
at approximately 10 cycles. 

Inconel 718 generally had the lowest fatigue notch factors at all test temperatures 
over the life range considered. The aluminum alloy had slightly higher notch factors than 
either the titanium alloy or the stainless steel at low cyclic lives. Although sufficient 
data are not available to determine the notch factor up to 10 cycles at -452' F (4' K) and 
at -320' F (77' K) for either the titanium alloy or the stainless steel and at -452' F (4' K) 
for the aluminum alloy, it appears from extrapolation that a fairly steep rise in notch 
factor would probably occur beyond the cyclic life values where these curves were termi- 
nated. It is evident from the comparisons of figure 6 that the presence of a notch can 
drastically affect the permissible operating stress at all temperatures. At higher cyclic 
lives the fatigue notch factor can be many times greater than the tensile notch factor, and 
tensile data are not adequate for anticipating the effect of stress concentrations under fa- 
tigue loading. 

5 
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Figure 6 also shows that the fatigue notch factor increased progressively with de- 
creasing temperature for all materials except Inconel 718. In this alloy it was virtually 
the same at all temperatures up to approximately 4x10 cycles. At higher cyclic lives, 
an appreciable spread in the fatigue notch factor curves is evident for this material. 

4 

Relation Between Tensile and  Fatigue Data 

It was pointed out in reference 26 that at room temperature the fatigue life of 
1/4-inch- (0.64-cm-) diameter smooth specimens of a large variety of materials is func- 
tionally related to their tensile properties under the condition of reversed, symmetric 
cyclic strain. An attempt was made to  determine whether or  not analogous relations 
could be applied to  the axial-tensile fatigue life data generated in this investigation, 
*herein the load range rather than the strain range was specified. The elastic strain 
ranges established by the load ranges applied were therefore determined. According to 
reference 26, the elastic strain range for a smooth specimen can be determined from 
tensile properties by use of the following equation: 

3.5 uu 
“el - - 7 N-O’ l2 (Smooth specimen) 

where 

el elastic strain range 

ultimate tensile strength 

E modulus of elasticity 

N 

Equation (1) was used to establish the positions of the lines that describe smooth speci- 
men fatigue behavior in figure 7. The experimental values of elastic strain range A €  
plotted against experimental life values in figure 7 for both the smooth and notched speci- 
mens, were calculated from the expression 

number of cycles to  failure 

e2’ 

where amax is the nominal maximum cyclic tensile stress (load divided by original 
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Test !emperature, 
F O K  

-Ambient a i r  70 294 
---Liquid nitrogen -320 77 
*---Liquid helium -452 4 
Open symbols denote smooth specimens 
Solid symbols denote notched specimens 
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(c) 5 AI - 2.5 Sn - t i tanium alloy. (d) AIS1 301 Stainless steel. 

Figure 7. - Relations between elastic strain range and fatigue life for smooth and notched specimens at three test temperatures. 



cross  sectional area). Use of this expression assumed that cyclic stress range 
) could reasonably be approximated by the maximum cyclic s t ress  applied in (amax - Omin 

each test. 
Comparison of the smooth specimen data and the lives predicted by equation (1) indi- 

cated the equation to be valid, at least above 1000 cycles, for the condition of the present 
investigation where the mean tensile stress was greater than zero. Figure 7 also indi- 
cates that equation (1) was not valid for notched specimens. However, a relation similar 
to that of equation (1) reasonably approximates the data. This relation is expressed as 

3. 5 au 
-7 N'O' 24 (Notched specimen) - (3) 

Several factors favor the use of equations (1) and (3) as a reasonable approximation of fa- 
tigue behavior under the conditions of test considered in this investigation: 

(1) The fatigue life-strain range relations are correct to within approximately the 
temperature-induced bandwidth established by the tensile data. 

(2) The temperature-induced changes in tensile properties are reflected in the tem- 
perature dependence of fatigue life for each material, and temperature separations in the 
curves and fatigue data are usually of the same order for a given material. 

equations (1) and (3) occur only in the range of short-life tests. These probably arise be- 
cause the plastic component of strain was not taken into account. 

(4) The comparison of the lines defined by equations (1) and (3) with the experimental 
data for all the materials emphasizes that some functional relation between tensile and 
fatigue data exists at cryogenic temperatures and, further, suggests that structural 
changes induced by tensile loading may be related to those induced by fatigue loading. 

(3) Pronounced deviations between experimental data and the curves represented by 

Meta I log raph y 

Macrographs and micrographs of the materials investigated are presented in fig- 
ures  8 to  27. Etchants used are listed in table V. The results of the metallographic in- 
vestigation of each material are discussed in the following sections. 

2014 T-6 Aluminum _ -  alloy. - Macrographs of failed tensile specimens of 2014-T6 
aluminum alloy tested at 70' F (294' K), -320' F (77' K), and -423' F (20' K) that show 
characteristic fracture modes and relative elongations are presented in figure 8. The in- 
crease in elongation with decreasing test temperature, although small, is observable. 
The fracture mode was similar regardless of temperature. No pronounced necking oc- 
curred. Although not evident from the macrograph, the fracture surface is on a plane 
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TABLE V. - ETCHANTS USED ON SPECIMENS 

Material 

2014-T6 aluminum alloy 

Inconel 718 

5A1-2. 5Sn-Ti alloy 

AISI 301 Stainless steel 

Iesig- 
lation 

A 

B 

C 

D 

E 

Etchant 

Composition 

30 ml glycerine, 20 ml nitric acid, 10 ml hydro- 

5 g sodium hydroxide, 5 g sodium carbonate, 
fluoric acid 

100 ml water 

30 ml hydrochloric acid, 30 ml lactic acid, 
10 ml nitric acid, 10 g cuprous chloride 
.. 

30 ml glycerine, 10 ml nitric acid, 10 ml hydro- 
fluoric acid, 50 ml water 

- .  

10 percent oxalic acid electrolytic etchant fol- 
lowed by swab in 30 percent nitric acid - 
20 percent acetic acid solution 

(a) 70" F (294" K). 

specimens shwing  characteristic fracture modes and finial elongations 
for three test temperatures. 

(b) -320" F (77" K). (c) -423" F (20" K). 

Figure 8. - Macrophotographs of failed 2014-T6 aluminum alloy tensile 
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inclined approximately 45Oto the plane of the specimen. 
The microstructure of the as-received material is shown in figure 9 at two magnifi- 

cations. Two different etchants were used to delineate the microstructural features. 
Numerous minor phase particles are evident throughout the alloy matrix. A microetching 
technique (ref. 27) was used to identify the light gray particles as an aluminum (A1)- 
copper (Cu)-iron (Fe)-manganese (Mn) intermetallic. An electron microprobe analysis 
indicated that they also contained silicon. The same microetching technique showed that 
the dark gray particles were Al-Cu-nickel (Ni) intermetallics, although the alloy con- 

(a) Etchant A. 

(b) Etchant B. 

Figure 9. - Microstructure of as-received M14-T6 aluminum alloy sheet. 
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tained only 0.009 percent nickel. Electron microprobe analyses were used to identify the 
black particles (usually spherical and often associated with the dark gray ones) as an 
Al- CuA12 eutectic. 

It is evident from figures 10 and 11 that the light particles (Al-Cu-Fe-Mn-silicon (Si)) 
are susceptible to cracking during the fatigue test. Micrographs of notched fatigue speci- 
mens tested at three different stress levels at room temperature are shown in figure 10. 
The number of minor phase particles that cracked increased with increasing stress. No 
cracked particles appear in the specimen tested below the fatigue limit (fig. lO(a)); how- 
ever, in specimens tested at higher stresses, many such cracked particles are seen in 
the region adjacent to the fracture path (fig. lO(c)). A similar trend was observed at all 
temperatures, but the "threshold stress" below which no particle cracking was observed 
was progressively higher as the test temperature decreased. Figure 11 shows the effect 
of the minor phase particles on the fatigue failure mode. The similarity of the fracture 
mode in notched specimens cycled at the same stress but at three different temperatures 
is apparent. Tests of all specimens shown in figure 11 were terminated prior to com- 
plete separation so as to  observe the fracture mode more clearly. The cracks emanating 
from the notch root are shown. In each instance the gray minor phase particles are 
linked by the main crack giving it a jagged, irregular appearance. Particles adjacent to 
the main fracture path are also cracked. It is believed that the minor particles were 
cracked when the region was plastically deformed during the test and that cracks emanat- 
ing from the notch root progressed from one cracked particle to  another and passed 
through them. Thus, each cracked particle can be considered as a microscopic area of 
weakness. Another investigator (ref. 28) observed by electron microscopy that constit- 
uent particles in the matrix of two aluminum alloys cracked or cleaved in a similarly 
brittle fashion. He also showed that the microscopic crack growth rate through the par- 
ticles was  higher than it was through the alloy matrix. 
present investigation particle cracking was confined to  the gray phase (Al-Cu- Fe-Mn-Si). 
When the main crack encountered the darker minor phase particles (either the Al-Cu-Ni 
or  Al-CuA12), it tended to  circumvent them, which suggests that these phases may be 
beneficial insofar as fatigue crack resistance is concerned in this alloy. 

Inconel 718. - The macrographs of failed tensile specimens of Inconel 718 (fig. 12) 
indicate the fracture mode to be somewhat similar to that of the 2014 T-6 aluminum alloy. 
Only specimens tested at room temperature showed an observable amount of necking in 
the fracture area. A noticeable increase in total elongation over that obtained at room 
temperature is evident at both -320' F (77' K) and -423' F (20' K). All specimens had 
an orange-peel texture in the test section, but this was more pronounced and extended 
over a greater length for the specimens tested at the cryogenic temperatures. 

It should be noted that in the 
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(a) 11 200 OOO Cycles at maximum stress of 43&0 pounds per square i n c h  (3OOO N/cm2). 

(b) 615 OOO Cycles at maximum stress of 6520 pounds per square i n c h  (4500 N/cm2). 

(c) 230 Cycles at maximum stress of 43 750 pounds per square i nch  (30 200 N/cmZ). 

Figure 10. - Photomicrographs i l lus t ra t ing increased degree of minor phase cracking 
caused by increased stress in notched 2014-T6 aluminum fatigue specimens at room 
temperature. Etchant B. 
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(a) Test temperature, -452" F (4" K); rat io of cycles applied to cycles to fracture, 0.4. 

(b) Test temperature, -3M" F (77" K); ratio of cycles applied to cycles to fracture, 0.5. 

(c) Test temperature, 70" F (294" K); ratio of cycles applied to cycles to fracture, 0.8. 

Figure 11. - Photomicrographs i l lustrat ing fatigue fracture mode in 2014-T6 aluminum alloy. 
Main crack passes through and l inks cracked minor  phase particles. Notched specimens 
removed from test after 1000 cycles at 35 000 pounds per square i nch  (24 133 Nlcm2). 
Etchant B. 
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(a) 70' F (294" K). (b) -320" F (77" K). (c) -423" F (M" K). 

Figure 12. - Macropnotographs of failed Inconel 718 alloy tensile specimens 
showing characteristic fracture modes and final elongations for three 
test temperatures. 

A duplex grain structure was observed in the Inconel 718 material. Figure 13 shows 
micrographs of both mill-annealed (as-received) and solution-treated microspecimens. 
The micrographs of the solution-treated material were taken from the same microspeci- 
men but show opposite surfaces of the original 0.093-inch- (2.36-mm) thick sheet. It 
was noted that the average grain size of the solution-treated sample was greater than that 
of the mill-annealed sample but that a duplex grain structure was  still present. 

Figure 14 illustrates the microstructure in the region adjacent to the fracture sur- 
face of notched fatigue specimens tested at  a maximum cyclic stress of 175 000 pounds 
per square inch (120 600 N/cm ). AI1 three test temperatures a r e  represented. Consid- 
erable cracking of minor phase particles occurred in this material; however, unlike 
2014-T6 aluminum alloy, the main fracture path does not preferentially pass through 
these particles. This fracture path may be observed more clearly in figure 15, which 
shows the microstructure of Inconel 718 notched fatigue specimens tested at 105 000 
pounds per square inch (72 400 N/cm ). In this case, the specimens were removed from 
the test prior to complete separation to observe the fracture mode better. The mode of 
fracture was clearly transgranular at all temperatures. The minor phase particles did 
not crack at this particular stress level, and the main fracture path appears to go around 
them rather than through them. Deformation bands are evident in the immediate vicinity 
of the crack, which seems to follow along these slip bands; this is particularly apparent 
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(a) As-received, 

(b) Solution heat-treated 1 hour  at 1950" F (1339" K). One surface 
of specimen. 

(c) Solution heat-treated 1 hour  at 1950" F (1339' K). Opposite surface 
of specimen. 

Figure 13. - Photomicrograph of lnconel 718 specimens. Etchant C. 
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(a) Test temperature, -452" F (4" K). 

(b) Test temperature, -320" F (77" K). 

(c) Test temperature, 70" F(294" K). 

Figure 14. - Zones immediately adjacent to fracture surfaces of notched inconel 718 fatigue 
specimens tested at relatively h igh maximum cyclic stress of 175 000 pounds per square 
i n c h  (1M 600 N/cm2) showing cracked particles, but no l ink ing of cracked particles by 
crack that caused fracture. Etchant C .  
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(a) Test temperature. -452" F (4" K); ratio of cycles applied to cycles to fracture, 0.3. 

(b) Test temperature, -320" F(77" K); ratio of cycles applied to cycles to fracture, 0.4. 

(c) Test temperature, 70" F (294" K); ratio of cycles applied to cycles to fracture, 0.8. 

Figure 15. - Fatigue cracks in notched lnconel 718 specimens tested at relatively 
low maximum cyclic stress of 105 000 pounds per square i nch  (72 400 Nlcm'). 
No evidence of minor phase cracking; main crack follows along sl ip planes 
and around minor phase particles; tests stopped at 3500 cycles, before specimens 
failed. Etchant C. 
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for the specimen tested at -320° F (77" K). 

titanium alloy (fig. 16) illustrate several interesting features. Unlike either the alumi- 
num or the nickel alloy, there was considerable localized necking in the fracture region 
of specimens tested at both room temperature and -320' F (77' K). In specimens tested 
at -423' F (20' K), there was little or no necking in the test section. Also, the fracture 
surface was smooth, clearly different from the jagged fracture surface caused by testing 
at 70' F (294' K) and the jagged, V-shaped fracture surface observed after testing at 
-320' F (77' K). The plane of fracture in all cases was normal to  the plane of the sheet 
specimen. Elongation decreased slightly in progressive fashion with decreasing test 
temperature. From the macrographs it would appear that a different mechanism controls 
failure at -423' F (20' K) than at the other test temperatures. 

equiaxed and fairly uniform in size. Smooth tensile specimen micrographs, taken in the 
region about 1/4 inch (6.4 mm) away from the fracture area, are shown in figure 18. At 
room temperature the grains were considerably deformed in the direction of the test  
stress with no observable twinning. At -320' F ('77' K) there was  still considerable elon- 
gation of the grains and twins are evident in only a few grains. At -423' F (20' K), how- 
ever, the primary mode of deformation was by twinning and the grains remained equiaxed. 
For notched tensile-tested specimens (fig. 19) the microstructures show that twinning 
occurred at all test temperatures with the greatest amount of twinning occurring at 
-423' F (20' K). Also, the grains appear to be equiaxed at all temperatures. 

Micrographs of smooth and notched fatigue-tested specimens are presented in fig- 
ures  20 and 21, respectively. 
1/4 inch (6.4 mm) from the fracture surface for smooth specimens operated to failure 
in approximately 30 000 cycles. The required s t ress  level to obtain this cyclic life in- 
creased with decreasing temperature. 
and some was also evident at -320' F (77' K) but none at room temperature. Figure 21 
shows micrographs of notched fatigue specimens that were removed from the test prior 
to complete separation to  observe the fracture mode better. All  specimens were run for 
400 cycles at a maximum stress of 105 000 pounds per square inch (72 400 N/cm ). Po- 
larized light was used in obtaining the photomicrographs to illustrate the shape of twins. 
The crack tip is identified by the arrows. As in the case of notched tensile specimens, 
twins occurred at all test  temperatures and in this case were as pronounced at room tem- 
perature as at -452' F (4' K). The relatively small number of twins evident at -320' F 
(77' K) is possibly due to  the fact that the crack length (upper righthand corner) when the 
test was stopped was considerably less than that at the conclusion of tests at each of the 
other temperatures. Since all three specimens were subjected to the same load, the 
shorter crack length in the specimen tested at -320' F (77' K) resulted in a lower net 

5A1-2. 5Sn-Ti alloy. - Macrographs of failed tensile specimens of the 5A1-2. 5Sn- 

The microstructure of the as-received alloy is shown in figure 17. The grains are 

Figure 20 shows the microstructure in areas about 

Pronounced twinning was evident at -452' F (4' K), 

2 

34 



(a) 70" F (294" K). (b) -320" F (77" K). (C) -423" F (20" K). 

Figure 16. - Macrophotographs of failed 5A1- 2.5 Sn-Ti alloy tensi le specimens 
showing characteristic fracture modes and f inal elongations for three test 
temperatures. 

Figure 17. - Microstructure of as-received 5 AI- 2.5 Sn-Ti alloy sheet. Etchant D, 
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(a) -423" F (20" K). 

(b) -320" F (77" K). 

(c) 70" F (294" K).  

Figure 18. - Photomicrographs of 5 AI -2.5 Sn-Tialloy smooth tensile specimens, showing 
progressive decrease in grain elongation and increased number of twins as test temperature 
was lowered. Areas shown approximately 1/4 i n c h  (6.4 mm) from fracture surface; loading 
axis vertical; etchant D. 



(a) -423" F (20" K). 

(b) -320" F (77" K). 

(c) 70" F (294" K). 
Figure 19. - Photomicrograph of 5 AI -2.5 Sn-Ti notched tensile specimens showing 

equiaxed grains at al l  test temperatures. Relatively few twins occurred at 70" F (294" K) 
and -320" F (77" K) and many twins at -423" F (20" K). Etchant D. 
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(a) -452" F (4" K); stress, 192 500 pounds per square i nch  (132 700 N/cm*); life, 29 200 cycles. 

(b) -320' F (77" K); stress, 157 500 pounds per square i nch  (108 600 N/cmZ); life, 30 800 cycles. 

(c) 70" F (294" K); stress, 114 000 pounds per square i nch  (18 500 N/cm2); life, 29 700 cycles. 

Figure 20. - Photomicrographs of smooth 5 AI -2.5 Sn-Ti alloy fatigue specimens showing 
progressive decrease in grain elongation and increase in twinning as test temperature 
was reduced. Areas shown 114 inch  (6.4 mm) from fracture surface; loading axis 
vertical; etchant D. 
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(a) Test temperature, -452" F (4" K); ratio of cycles applied to cycles to fracture, 0.7. 

(b) Test temperature, -320" F (77" K); ratio of cycles applied to cycles to fracture, 0.25. 

(c) Test temperature, 70" F (294" K); ratio of cycles applied to cycles to fracture, 0.6. 

Figure 21. - Photomicrographs of areas surrounding crack tips in notched 5 AI-2.5 Sn-Ti 
alloy fatigue specimens. Twins in region adjacent to and in front of crack for samples 
tested at 70" F (294" K) and -452" F (4" K); specimens run (400 cycles) at maximum 
stress of 105 000 pounds per square i nch  (72 400 N/cm2) and removed from test pr ior  
to fracture; etchant 0. 
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(a) Smooth specimen; life, 29 200 cycles. 

(b) Notched specimen; life, 14 cycles. 

Figure 22. - Regions near fracture surface of 5 A l -  2.5 Sn-Ti fatigue specimens showing voids adjacent 
to twins after testing at -452" F (4" K). Etchant D. 
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section stress. Twinning in fatigue increased with increasing stress for this alloy; 
therefore, it might be expected that for the example shown in figure 21 fewer twins would 
occur at -320' F (77' K). The tendency for more twinning to occur in both notched tensile 
and fatigue-tested specimens than in smooth specimens may be due to the introduction of 
biaxial stresses that tend to suppress slip. 

Although conclusive evidence of the possibly detrimental effect of twinning was not 
obtained, figure 22 illustrates voids in twinned regions of the microstructure near the 
fracture surface of specimens cycled at -452' F (4' K). The voids, indicated by arrows, 
although few in number, were located immediately adjacent to  twins. It is possible that 
the voids could act as crack starters. 

less steel are shown in figure 23. Significantly greater elongation occurred at -320' F 
(77' K) than at the other test temperatures. The reduction in specimen area was virtu- 
ally uniform along the entire test section after testing at -320' F (77' K). A small 
amount of localized necking occurred at the other test temperatures. Although not evi- 
dent from the figure, Liiders lines were observed on the specimens after tensile tests at 
all temperatures. The plane of fracture at all temperatures was normal to the plane of 
the specimen. 

The microstructure of the AISI 301 stainless steel sheet in the as-received (60 per- 

AISI 301 Stainless steel. - Macrographs of failed tensile specimens of AISI 301 stain- 

(a) 70" F (294" K). (b) -320" F (77" K). (c) -423" F (20" K). 

Figure 23. - Macrophotographs of failed AIS1 301 stainless steel tensile 
specimens showing characteristic fracture modes and final elongations 
for three test temperatures. 
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Figure 24. - Microstructure of as-received AIS1 301 stainless steel sheet i n  60 percent cold- 
rolled condition. Etchant E. 
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Test temperature, 
"F ( O K )  

-423 (20) 

-320 (77) 

70 (294) 

(a) Smooth specimens. 

Figure 25. - Photomicrographs of zones immediately adjacent to fracture surface of AIS1 301 
stainless steel tensile specimens, i l lustrat ing mode of fracture. Etchant E. 43 



Test temperature, 
"F (OK) 

-423 (20) 

-320 (77) 

44 

70 (294) 
(b) Notched specimens. 

Figure 25. - Concluded. 



(a) Test temperature, -452" F(4" K). 

(b) Test temperature, -320" F(77"  K).  

(c) Test temperature, 70" F (294" K). 

Figure 26. - Photomicrographs of smooth fatigue specimens of AIS1 301 stainless st el 
tested at maximum cyclic stress of 245 000 pounds per square inch  (168 900 Nlcm s 
showing fracture mode and disturbed regions adjacent to fracture. Etchant E. 

45 



(a) Test temperature, -452' F (4" K); ratio of cycles applied to cycles to fracture, 0.7. 

(b) Test temperature, -320" F(77" K); ratio of cycles applied to cycles to fracture, 0.14. 

(c) Test temperature, 70' F (294" K); ratio of cycles applied to cycles to fracture, 0.15. 

Figure 27. - Photomicrographs of notched fatigue specimens of AIS1 31 stainless steel 
showing transgra u la r  cracks. Maximum cyclic stress, 87 500 pounds per square 
i nch  (60 300 Nlcm 9 ); tests stopped at 1100 cycles, before specimen failed; etchant E. 
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cent cold reduced) condition is shown in figure 24. The grains were elongated in the roll- 
ing direction. Attempts were made by means of X-ray diffraction to  determine the rela- 
tive amounts of austenite and martensite in untested specimens and in tested specimens. 
Qualitative results were obtained that showed that a greater amount of martensite than 
austenite was present in both tested and untested specimens. It was not possible to dis- 
cern whether the test conditions altered the amount of austenite. It is interesting to note 
that other investigators (ref. 29) have shown that in 304 stainless steel the amount of 
transformed martensite increased with increasing tensile strain and that for a given 
strain a greater degree of transformation occurred as the temperature was decreased. 
The condition of that material (304 stainless steel) differed from the material in this in- 
vestigation, however, in that it was in the annealed condition. The annealed material, 
being entirely austenitic, was more likely to  exhibit significant transformation. 

Figure 25 illustrates the microstructure of tensile specimens tested at each temper- 
ature. The regions immediately adjacent to the fracture surface are shown. The load- 
ing direction was horizontal with respect to the orientation of the micrographs. It is evi- 
dent that cracking was transgranular in all cases. The microstructures of failed smooth 
fatigue specimens are shown in figure 26, and the microstructures of notched fatigue 
specimens that were removed from the test prior to complete separation are shown in 
figure 27. Some microstructural similarities between failed tensile and fatigue speci- 
mens are apparent. 
disturbed regions immediately adjacent to the fracture surfaces in the smooth fatigue 
specimens (fig. 26) and in the  smooth tensile specimens (fig. 25(a)). This type of dis- 
turbed region was not observed in the notched specimens. Finally, the plane of the frac- 
ture surfaces in the fatigue specimens (figs. 26 and 27) was normal to the loading axis, 
whereas it formed a steeper angle with respect to the loading axis in smooth tensile spec- 
imens. 

For example, all of the fractures were transgranular. There were 

SUMMARY OF RESULTS 

An investigation was conducted to determine the cryogenic fatigue behavior of four 
candidate alloys for liquid rocket engines. Low-cycle fatigue data were obtained with 
smooth and notched (theoretical stress concentration factor Kt > 17) sheet specimens in 
ambient air, liquid nitrogen, and liquid helium in axial-tensile fatigue. Materials were 
2014-T6 aluminum alloy, Inconel 718, 5 percent aluminum - 2.5 percent tin-titanium 
alloy (5A1-2. 5Sn-Ti), and AIS1 301 stainless steel. The minimum to maximum stress 
ratio (R factor) was 0.14. The following results were obtained: 

1. Fatigue strength increased progressively with decreasing test temperature to 
-452' F (4' K) for all materials in the unnotched condition, except 301 stainless steel. 
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In the notched condition, the trend of increasing strength with decreasing temperature 
was observed in 2014-T6 aluminum alloy and Inconel 718. 

2. The fatigue strength of smooth specimens was generally substantially higher than 
that of notched specimens for all materials at all temperatures over the entire cyclic life 
range. 

3. Of the four materials considered, Inconel 718 and 301 stainless steel generally 
had the highest fatigue strength in both the unnotched and the notched condition. In the 
unnotched condition, their relative ranking varied depending on temperature and cyclic 
life, but in the notched condition, the fatigue strength of Inconel 718 was always greater 
or equal to that of AISI 301 stainless steel. The 5A1-2.5Sn-Ti alloy and 2014-T6 alumi- 
num alloy usually ranked third and fourth in fatigue strength regardless of specimen ge- 
ometry. 

4. When compared on the basis of fatigue-strength-to-density ratio, no single mate- 
rial was the best a t  all temperatures and cyclic lives. In most cases however, the 
strongest material was the 5A1-2. 5Sn-Ti alloy, although in the notched condition at lives 
greater than about 10 cycles the curves of fatigue-strength-to-density ratio for all ma- 
terials tended to converge. 

life at all test temperatures. Up to 100 cycles, the fatigue notch factor was similar to 
the tensile notch factor for all materials and test temperatures considered, which sug- 
gests that the use of tensile notch factor might be adequate for design in low-cyclic-life 
applications. Inconel 718 generally had the lowest fatigue notch factors over the life 
range considered at all temperatures. 

to both smooth and notched specimens for the materials of this investigation s t ress-  
cycled at cryogenic temperatures. 

7. At all temperatures the mode of fracture in fatigue was generally transgranular 
for all materials. 

8. Minor-phase-particle cracking was associated with fatigue failure in the 2014-T6 
aluminum alloy at all temperatures. The crack that caused fracture passed through and 
linked certain minor phase particles. Although minor-phase-particle cracking was also 
observed in Inconel 718, the main crack that caused fracture did not preferentially pass 
through the cracked particles. 

.9. For the 5A1-2. 5Sn-Ti alloy, deformation by slip and by twinning was observed in 
both fatigue and tensile-tested specimens. Twinning was particularly marked at temper- 
a tures  of -423' F (20' K) and -452' F (4' K) in both smooth and notched specimens. 

4 

5. The fatigue notch factor Kf of all four materials increased with increasing cyclic 

6. The concept of a functional relation between tensile and fatigue data was extended 
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Voids were observed adjacent to twins in specimens fatigue tested at -452' F (4' K), and 
may have contributed to fatigue cracking. 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, June 22, 1967, 
129-03-08-01-22. 
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